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ABSTRACT 
This paper presents experimental unsteady pressure 
measurements gathered on a single stage axial compressor 
during pre-stall and transition to stall operations. The aim of 
this study is to analyze the transition from a stable operating 
point to the fully developed rotating stall regime, and more 
specifically, the effect of the throttling process on the 
development of the instabilities. To do so, experiments have 
been repeated leading the compressor to stall operations with 
various throttling speed. 
On one hand, this paper analyses the effect of the throttling 
speed on the dynamic of the instability development from the 
first detection of spike type precursors to completely developed 
rotating stall. 
On the other hand, a stall warning signal based on the 
correlation of the instantaneous pressure signal with a reference 
pressure signal is built. The influence of the location of the 
pressure transducer used for the warning signal is first 
analyzed. Then an analysis of the effect of the throttling process 
on the time between the warning signal and the effective stall 
development is proposed. 
 
 
INTRODUCTION 
Rotating stall and surge are now well-known problems that 
have accompanied axial compressors development since the 
first steps of aero-engines, decades ago. One of the main 
concerns of these phenomena is the need to use a large security 
margin to stay away from the stall and its catastrophic 
implications. This leads to limitations on the operating range of 
compressors and on the maximum of pressure ratio they can 
reach.   
All along the development of aero-engines and the study of 
the stall phenomenon, several discoveries have been made, 
each one of them rising new questions and highlighting new 
ramifications of the problem, from surge to rotating stall, then 
to precursors. “Modal” type precursors were first considered, 
later followed by “spike” type ones [1]. Different approaches to 
grasp the problem have been adopted over the years and the 
interest has shifted periodically from physics understanding of 
the phenomenon to stall warning [2, 3] and stall control, both 
passive [4] and active [5, 6, 7]. To illustrate the potential gains 
from Surge Margin Improvement (SMI) associated to stall 
control research, one can cite the recent works of Tahara et al. 
[8]. They stated that a reduction from 20% to 10% of the 
required surge margin would “results in a two-stage reduction 
of a ten-stage compressor”. In this challenging times where 
every kilograms matters, this is an attractive offer. 
Most of the contemporary work is divided in two parts. On 
one hand, recent investigations carried out by Inoue et al. [9] or 
Pullan et al. [10] for example, have exhibited new types of 
prestall events. Some of them are visible long before stall and 
known as rotating instabilities, when other ones are more 
elusive, appear directly prior to spikes and are referred as 
tornado-like vortex. They have also linked them to the 
interaction between the incoming flow and the tip leakage flow 
[11]. However, this subject is still largely discussed among the 
scientific community regarding its source or its precise 
characteristics.  
 On the other hand, the need to develop a method 
producing an early indicator of the stall approach drives 
researchers to work on new detection methods. Tahara et al. [8] 
then Dhingra et al. [3] and Christensen et al. [12] proposed for 
example to use local correlation calculations to detect changes 
in the pressure signature of blade passages.  
The first objective of this paper is to come back to the root 
of the problem and to study the onset of the rotating stall. The 
influence of the throttling process is examined in particular. 
Despite being a common technic to promote stall in axial 
compressor test benches, throttling process is often barely 
described neither studied. This part of the paper presents also 
some original findings, shedding a new light on the link 
between spikes and rotating stall. 
The second objective of this work is to consider the 
correlation method as described by Tahara et al. [8] for stall 
warning purpose and to study its behavior with different 
throttling parameters.  
These results were gathered on the CME2 compressor test 
rig belonging to the Lille Laboratory of Fluid Mechanics 
(ENSAM Lille), which is described on Section 1, along with 
the experimental procedure. Influence of the throttling speed on 
the transition from spike to rotating stall is then considered in 
Section 2. Section 3 presents finally the effect of this throttling 
parameter on the correlation coefficient with the perspective of 
a closed loop control of the stalling process. 
 
 
EXPERIMENTAL SETUP 
The CME2 compressor used for this experimental work is 
an axial single-stage compressor operating at 3200RPM. More 
details about the test rig and machine parameters are given in 
Figure 1 and Table 1. In Figure 2 is plotted the performance 
curve of the machine, where ψt−s is the total-to-static pressure 
rise coefficient (ΔPt−s /0.5ρU
2) and ϕ the flow coefficient 
(Vx/𝑈). In this figure, point 1 corresponds to the design point of 
the compressor. 
 
Figure 1 CME2 Compressor 
 
 
Table 1 Compressor parameters 
Rotational speed 3200  rpm 
Design mass flow rate at 3200rpm 5.3 kg/s 
Rotor blade number 30  
Stator blade number 40  
Casing diameter 550 mm 
Hub-tip ratio, leading edge 0.75  
Hub-tip ratio, trailing edge 0.78  
Rotor tip chord 84 mm 
Rotor tip stagger angle 54 ° 
Rotor tip gap 0.5 mm 
 
 
Figure 2 Compressor performances 
 
The measurements were realized by pressure transducers 
(ENDEVCO 8507C-1 and 8510B-1), flush mounted on the 
compressor casing and located over the rotor. The transducers 
can be placed: 
- On 45 locations evenly distributed between 3 rings at 
different axial positions, 4mm upstream and 27mm 
downstream the leading edge and 6mm downstream 
the trailing edge of the rotor. These sensors rings are 
respectively labeled station “a”, “f” and “k”. The 
implantation of the sensors in each ring is the same but 
they are rotated from one another for the sensors to be 
parallel to the camber line of the blade tip. This 
arrangement can be seen on Figure 3.(b) and Figure 
3.(a) which respectively represents the first ring of 
pressure transducers seen from upstream and a close 
up of the azimuthal projection of the 3 rings. All the 
transducer locations of the first ring are used during 
this work, see Figure 3.(b), but only 4 on the second 
and third ring. Those last locations are depicted with 
green triangles. 
- The test rig includes a measurement window, visible 
 on Figure 1, with a more refined sensors 
cluster (see [13]). It consists in a 14 by 7 positions grid 
with a resolution of 6mm by 2°. The window is 
represented by the blue arc on Figure 3.(b) and the 
locations used during this work are shown in Figure 
3.(c).  
The sampling rate of the unsteady pressure measurements 
is 100 kHz, which is high enough to catch the flow dynamics as 
the blade passage frequency is equal to 1.6 kHz in the present 
study. The pressure transducers uncertainty ranges from 0.5% 
to 1.5% of the full scale output. 
 
 
Figure 3 Pressure transducer locations 
 
 
 
EXPERIMENT PROCEDURE 
As stated before, the first goal of this study is to investigate 
the effect of the throttling process on the stall onset. 
For each test, the operating point of the compressor has 
been moved continuously along the characteristic from stable 
operating conditions (marked point 2 in Figure 2), to a point 
just after stall inception (point 3 in Figure 2). To do so, a 
throttling valve placed downstream to the compressor (see 
Figure 1), is continuously closed with a DC motor.  
Three throttling speeds have been used. This three speeds 
lead to constant decreases of the mass flow rate of 0.295kg.s
-2
, 
0.174kg.s
-2 
and 0.060kg.s
-2
. They are referred respectively as 
fast, moderate and slow throttling speed in the following. 
Figure 4 shows the evolution of the mass flow rate for the 3 
speeds. One can observe that the throttling process starts at 5s, 
the mass flow rate then decreases almost linearly (1) until the 
onset of the rotating stall around 5kg.s
-1
. A sudden decrease of 
the mass flow rate (2) then occurs because of compressor stall. 
The mass flow continues to decrease as the throttling is active 
(3), before stabilizing when the valve reaches the mechanical 
stop. For each throttling speed, the experiments have been 
repeated at least 15 times. 
 
 
Figure 4 Mass flow rate for 3 throttling speeds 
 
 
 
EFFECT OF THE THROTTLING SPEED ON ROTATING 
STALL ONSET 
 
Figure 5 Stall inception through pressure traces at station 
“a” 
Time evolution of the raw pressures are presented Figure 5 
which shows the data from 9 pressure transducers located all 
around the compressor at station “a”. A low pass filter has been 
applied to remove the Blade Passing Frequency (BPF) and to 
highlight phenomena associated with the transition to stall. It is 
possible, thanks to this plot, to locate the emergence of the 
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spike around location 4, growing in one revolution and then 
giving birth to rotating stall. In the following, the use of the 
general term “instability” will refer either to the spike or the 
rotating stall (what is usually called rotating instabilities in 
axial compressor are not considered in the present study 
because the tip gap of this compressor is too small and so it 
does not exhibit this kind of disturbances). 
Figure 6 is a color map giving the time evolution of the 
static pressure of all pressure transducers placed at station “a”. 
A threshold fixed at 250 Pa has been applied to get rid of the 
mean and negative values and to focus on the motion and 
growth of the instability over time. This graph allows a good 
observation of the wave front of the instability. The blue 
crosses indicate the time when a pressure signal reaches the 
threshold and locate the wave front of the instability. 
 
Figure 6 Static pressure around the annulus at station 'a' 
during stall inception  
 
The angular positions of the wave front are summarized in 
Figure 7. Polynomial functions are then fitted on these points. 
They are then used to compute the resulting instability speed 
evolution by deriving the position laws and averaging them on 
the 15 tests available for each throttling speed. The results are 
presented in Figure 8. From this graph, two main conclusions 
can be drawn: 
 
Figure 7 Angular position of the instability during stall 
inception 
- First, it appears clearly that the curves of the three 
throttling speeds are superimposed with one another. 
The conclusion from this observation is simple; the 
throttling speed has no influence on the rotational 
speed of the instability.  
- Second, the instability speed varies continuously from 
90% (at spike inception) to 40% of the shaft speed 
when stall is completely developed, which is the 
classical order of magnitude of rotating stall cells 
propagation speed.    
 
 
Figure 8 Instability speed evolution for the three throttling 
speeds. The y-axis is expressed as a percentage of the rotor 
speed 
 
This last observation leads to two comments.  
- First, the instability found in this compressor starts 
rotating at speeds really close to the rotor speed. This 
behavior can be linked to the observations made by 
Pullan et al. [10]. Indeed, the authors observed, on 
several numerical studies, the existence of prestall 
tornado-like vortex attached for one end to the suction 
side of the blades and for the other end to the casing. 
These structures, bounded to one blade pitch, are 
expected, therefore, to rotate close to the shaft 
rotational speed when they appear before slowing 
down as they extend to the nearby blade passages. It is 
difficult to say if the speed of this instability starts at 
90% of the shaft speed (speed of the instability when it 
is recorded for the first time) or close to 100%. It is 
highly probable that, at the very first instants of the 
instability, the perturbation level is so small that the 
information is lost by applying the threshold. It would 
be interesting to locate the position of the instability 
using convolution or time-frequency analysis with 
more sensors around the casing to try elucidating this 
question. 
- The second remark is linked to the statement made 
earlier about referring to the spike or the rotating stall 
with the general term of “instability”. This compressor 
exhibits an instability whose rotational speed 
continuously decreases from 90% to 40% of the shaft 
speeds unlike the large majority of the works found in 
the literature. Indeed, usually, as shown by Pullan et 
al. [10] or Weichert et al. [11], the instability is found 
to rotate first around 70% of the shaft speed during 
several revolutions before transitioning to a fully 
established rotating stall moving at 40% of the rotor 
speed. For the present compressor, there is, 
consequently, a continuous variation of the flow 
dynamics from the first detection of the instability to 
the completely established stall cell and no clear 
distinction between both phenomena. Nothing allows 
us to tell that the spike exists in this compressor, as it 
is currently defined in the literature and as a specific 
structure of the flow different from the rotating stall 
cells. Instead it appears that the rotating stall emerges 
small at first, progressively slows down and increases 
in size to reach a stable state with a fixed rotational 
speed.  
 
 
STALL WARNING PARAMETERS 
POST PROCESSING METHOD 
Previous section has shown that the rotational speed of the 
instability is insensitive to the throttling speed variation. We 
will now investigate the first part of the throttling process and 
its effect on the flow. 
In order to have quantifiable parameters to be compared 
from one test to another, the pressure signals from different 
locations are processed through an algorithm depicting their 
level of irregularity. This algorithm is based on intercorrelations 
and has already been used in axial compressors. It was first 
proposed by Tahara et al. [2] and then perfected by Dhingra et 
al. [3] and Christensen et al. [12]. It is described in the 
following. 
During nominal operations, the blade passage signature 
tends to be mostly periodic but when the compressor is 
throttled close to the stability limit, irregularities pop up 
erratically. The idea is to evaluate a coefficient which is 
representative of these irregularities. The aim of the post-
processing technique is to monitor the irregularities in the 
pressure signal by computing the intercorrelation between the 
instantaneous blade passage signatures measured by a pressure 
transducer located over the rotor with a reference signal which 
will be defined below.  
The correlation function is then expressed as: 
 
 
 
𝐶 =
∑ 𝑃𝑡−𝑖𝑃𝑟𝑒𝑓
𝑤𝑛𝑑
𝑖=1
√∑ 𝑃𝑡−𝑖
2𝑤𝑛𝑑
𝑖=1 √∑ 𝑃𝑟𝑒𝑓
2𝑤𝑛𝑑
𝑖=1
 
(1) 
 
where wnd is the length of the window and Pt-i the current 
discrete blade pressure signature. In this paper, wnd is equal to 
one blade pitch. Pref is a reference blade pressure signal 
computed from several passage acquired at a fixed stable 
operating point for 5 revolutions. The pressure signals from 
each passage are then averaged to obtain the reference profile 
used for the calculation of the correlation. This process is 
represented in Figure 9.(a) and Figure 9.(b) with the pressure 
signal of each blade passages from 5 revolutions stacked on 
each other (black traces) and with the reference blade pressure 
signal in green. 
 
Figure 9 Data analysis procedure 
To compute the correlation, the reference profile is then 
matched with the real time pressure trace, has shown in Figure 
9.(c) where the black dotted line is the real time pressure signal 
and the solid red and blue lines are the reference pressure 
profile. The time evolution of the maximum of the correlation 
coefficient obtained for each blade passage, simply referred as 
correlation coefficient in the following, is plotted Figure 10.(a). 
The average value of the correlation coefficient, computed over 
5 rotor revolutions, is also represented by the plain yellow line. 
It has to be noted that, in Equation (1), the coefficient is 
normalized and as a consequence, the correlation coefficient 
reaches the unity if the instantaneous pressure signal is exactly 
the same as the reference signal and decreases towards 0 as 
much as it differs from the reference signal. Consequently, the 
more irregularities there are in the pressure signal, the more 
often the correlation coefficient will take low values.  
Two other parameters are also calculated to quantify the 
irregularity during the throttling process. The first one 
corresponds to the number of times the correlation coefficient 
crosses a given threshold during a given period of time. This 
parameter is close to the one used by Liu [14]. The second 
parameter is the standard deviation of the correlation. An 
example of these parameters is presented in Figure 10 where 
the number of events (i.e. the number of times the correlation 
function crosses the threshold) is plotted for 4 different 
thresholds noted T1 to T4 and respectively equal to a 
correlation coefficient value of 0.9817, 0.9755, 0.9630 and 
0.9380. Their behavior is discussed in next section. 
 
Figure 10 Correlation coefficient (a), number of events 
crossing 4 different thresholds (b) and correlation standard 
deviation (c) 
 
 
PARAMETERS EVOLUTION VERSUS SENSORS LOCATION 
The algorithm presented in the previous section has been 
applied on every sensors of the compressor (i.e. for different 
angular and axial positions), for several runs at the three 
throttling speeds. 
Figure 11 shows the evolution of the correlation for 
different transducers around the casing at station “a” for a 
moderate throttling speed. At the beginning of the process, the 
coefficient remains close to 0.98 but starts decreasing as stall 
approaches for sensors 1 and 2 mainly. Sensors 3 and 4 do not 
show any noticeable evolution until the very last instants before 
stall onset. This non axisymmetric behavior has already been 
observed by Tahara et al. [8] and later by Young et al.[15] who 
linked it to the existence of an eccentric tip-clearance.  
In these studies, it appears that the correlation drop 
happens long before stall in regions of large tip-clearance. They 
also observed that rotating stalls onset, in eccentric compressor, 
tend to start very often just after the region of large tip 
clearance (around sensor 2 in the present case). The repartition 
of stall onset in the present compressor is summed up in Table 
2. The start of a rotating stall is attributed to one of the four 
quadrants, see Figure 3 for convention, when the first 
irregularity is detected by a sensor from this specific sector. 
These results confirm the initial trend seen on Figure 11 and 
suggest the presence of a region of larger tip-clearance in this 
test rig. 
 
Figure 11 Correlation evolution around the casing at station 
"a" 
 
 
Table 2 Location and rate of stall onset  
Angle [°] 0-90 90-180 180-270 270-360 
Stall rate [%] 8% 73% 16% 1% 
 
Along the axial direction, the correlation coefficient 
exhibits different behaviors depending on the location of the 
sensor, as shown in Figure 12. For the first sensors, “a” to “c” 
(lettering of the sensors refers to Figure 3), the coefficient 
shows none or few variations but appears to be much more 
degraded from probe “d” to “g”. Moreover, the further the 
sensor is downstream, the sooner the correlation coefficient 
starts decreasing. On Figure 12, the red solid arrows show the 
approximate start of the growth of the coefficient. It is 
interesting to note that these probes are placed at a 
circumferential position where only 1% of the rotating stalls 
start, and so where the correlation coefficient shows one of the 
lowest degradation (the results from probe “a” in Figure 12 are 
the same than the one from probe “5” in Figure 11). This can 
5
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certainly be related to an increase, especially at off-design flow 
conditions, of the unsteadiness of the flow which increases with 
the axial position. This effect has to be taken into account 
during the design of a control system to optimize the sensors 
locations. If the sensors are too upstream, they may miss some 
instability and trigger the control system later than with an 
optimal positioning. But if they are too downstream, the flow 
may be too chaotic and the correlation coefficient too noisy to 
be of any use in a control system. 
 
Figure 12 Correlation results for different axial positions at 
θ=328° 
 
 
 
PARAMETERS EVOLUTION DURING THROTTLING 
For this section, the influence of the throttling process on 
the evolution of the 3 parameters presented earlier is discussed. 
In this purpose, attention is given on instants long before the 
onset of the stall. Figure 13, shows the evolution of the analysis 
parameters during the throttling process for a test representative 
of fast and slow throttling speed (moderate throttling speed is 
not presented to facilitate the comparison but exhibit the exact 
same trends than the ones presented). On plot (b), (c), (e) and 
(f), a line has been added to represent the level at which the 
alarm will trigger if one of the parameters crosses it. The 
purpose of such an alarm would be to be used in a control 
system as a trigger to start an actuator. These levels have been 
respectively fixed at 30% for the number of events crossing one 
of the four thresholds (Figure 13.(b) and (e))  and 0.01 for the 
standard deviation (Figure 13.(c) and (f)). At the beginning of 
the throttling process, regardless of the speed, the correlation 
coefficient is constant and really close to 1. This result indicates 
that the blade pressure signature presents no irregularities for 
flow coefficients far from the stability limit. As a consequence, 
the number of events crossing one of the thresholds and the 
standard deviation stay small.  
 
Figure 13 Analysis parameters evolution during fast and 
slow throttling 
 But as the working point is moved close to the stability 
limit, the correlation coefficient starts decreasing and two 
effects are noticeable.  
- First, the mean value of the correlation decreases. This 
trend, represented by the plain yellow line on Figure 
13.(a) and (d), is due to a larger number of irregular 
blade profiles seen by the sensor and a general 
degradation of the profiles shape; 
- Second, the amplitude of the correlation fluctuations 
increases and scatters. This behavior is caused by the 
appearance of stronger irregularities. 
Figure 13.(b), (c), (e) and (f) depict this two effects. On 
one hand, the number of degraded profiles, as shown on Figure 
13.(b) and (e) starts increasing at a given time (and so for a 
given flow coefficient) for each throttling speed and increases 
almost linearly until stall occurs. On the other hand, the size of 
the irregularities, monitored through Figure 13.(c) and (f), starts 
increasing smoothly and then increases exponentially.  
In the perspective of using these parameters as warning 
signal in a control system, the number of events seems the most 
appropriate. Indeed, its evolution exhibits an abrupt change in 
slope, and is thus easier to detect and less sensitive to errors and 
fluctuations. 
 
 
Figure 14 Construction of the warning time 
 
Comparing the plot from fast and slow throttling speed, 
one can appreciate that their trends are very similar one from 
each other. To evaluate the influence of the throttling speed on 
those parameters, the mean warning time Δtalarm between the 
triggering of the alarm talarm and the stall onset tstall, has been 
calculated. These times are reported on Figure 14 which is a 
schematic representation of one of the parameters presented 
earlier. A dimensionless version of this time, Δt*alarm, is also 
used and expressed as follow:  
 
 
𝛥𝑡∗𝑎𝑙𝑎𝑟𝑚 =
1
𝑁
× ∑
𝑡𝑠𝑡𝑎𝑙𝑙,𝑖 − 𝑡𝑎𝑙𝑎𝑟𝑚,𝑖
𝑡𝑡ℎ𝑟𝑜𝑡𝑡𝑙𝑖𝑛𝑔,𝑖
𝑁
𝑖=1
 (2) 
   
where N is the number of tests, and tthrottling a characteristic 
time of each throttling speed.  
The mean warning time for the 4 threshold and the 
deviation number is presented in Figure 15. In Figure 15.(a) we 
can see that the warning time decreases as the throttling speed 
increases suggesting a link between the two aforementioned. 
This link is made clearer thanks to the dimensionless mean 
warning time, presented in Figure 15.(b). Indeed, it shows little 
variations between the three throttling speed indicating that the 
warning time is inversely proportional to the throttling speed.         
This clearly shows that the warning time is directly linked 
to the way the compressor is lead to rotating stall conditions: 
this interrogates on the ability of defining a stall warning signal 
which would be universal in the sense of giving similar results 
whatever the throttling process is. This, at least, demonstrates 
the necessity to take the throttling process into account when 
working on stall warning definition. 
 
Figure 15 Mean warning time for the three throttling speed  
 
 
 
CONCLUSION 
This paper has reported some analysis on the transition 
from stable regime to rotating stall of an axial compressor. 
More specifically, it has focused on the effects of the throttling 
process on the transition to stall. To do so, experiments were 
conducted on a single-stage axial compressor during which the 
operating point has been continuously moved from stable 
regime to completely developed rotating stall operations using 
three different throttling speeds. Unsteady measurements have 
been made using pressure transducers flush mounted on the 
compressor casing at different axial and azimuthal locations at 
the rotor level. 
The analysis of the results focused on two different stages 
of the transition to stall: i/ a first stage during which the 
compressor is still stable but during which the unsteadiness of 
the flow increases. This unsteadiness increase has been 
evaluated by the use of a correlation function between the 
instantaneous pressure signal and a reference pressure signal. ii/ 
a second stage which corresponds to the very short time of 
transition between the first detection of a spike type precursor 
to fully developed rotating stall. 
The main contribution of the present paper is that the first 
stage dynamic is directly linked with the throttling process 
whereas the second stage dynamic is completely independent 
from the throttling process. 
More precisely, during the first stage, it has been shown 
that the evolution of the irregularity of the signal during the 
throttling process is strongly dependent on the transducer 
location. On the azimuthal direction, the differences are 
attributed to the rotor eccentricity as already observed in 
literature. On the axial direction, the increase of the irregularity 
is attributed to the increase of the flow unsteadiness with the 
axial chord. A stall warning signal was then built. It is based on 
the number of time the correlation signal crosses a given 
threshold. The time duration between the warning signal and 
the arising of rotating stall is directly linked with the throttling 
process and is proportional to a time characteristic of the 
throttling speed. 
During the second stage, the instability wave front speed 
was determined from the first detection of the instability to 
fully established rotating stall. On this compressor, it has been 
shown – for the first time, at the authors’ knowledge- that this 
speed evolves: (1) continuously and (2) from a speed whose 
order of magnitude is the one of the rotor to the speed of the 
fully developed stall cell. As pointed out above, this speed 
evolution is completely independent on the throttling speed. 
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